The ftsH gene of Bacillus subtilis has been identified as a general stress gene which is transiently induced after thermal or osmotic upshift. 
Introduction
Recently, a new protein family was classified that is characterized by the presence of one or two copies of a highly conserved ATPase module of 230 amino acids. As members of this protein family are involved in various cellular processes it was termed the AAA-family (ATPases associated with a variety of cellular activities; Kunau et al., 1993; Confalonieri and Duguet, 1995) . Recent data suggest that the ATPase module might be involved in the dissociation or assembly of protein complexes. Various members of the AAA-family contain, in addition to the ATPase domain, a conserved metal-binding motif, characteristic for metalloproteases. Indeed, protease activity has recently been assigned to several homologues of the AAAfamily in prokaryotes and within mitochondria (Pajic et al., 1994; Herman et al., 1995; Kihara et al., 1995; Nakai et al., 1995; Pearce and Sherman, 1995; Tomoyasu et al., 1995; Weber et al., 1996) . These proteins are either tightly associated with or even anchored via amino-terminal membrane-spanning domains into membranes and therefore comprise a novel class of ATP-dependent proteases, termed 'AAA proteases' (Arlt et al., 1996) .
The first prokaryotic AAA protease FtsH has been identified in Escherichia coli as a cell-division mutant with impaired septation (Santos and Almeida, 1975) . The ftsH gene, which is identical to hflB (Herman et al., 1993) and tolZ (Qu et al., 1996) , encodes an essential integral membrane protein of 70.7 kDa (Tomoyasu et al., 1993b) . The FtsH protein has been suggested to participate in several cellular processes, including protein assembly into the membrane (Akiyama et al., 1994a; Begg et al., 1992) , protein export (Akiyama et al., 1994b) and degradation of CII protein (Herman et al., 1993; , of unassembled SecY protein (Kihara et al., 1995) and the heat-shock transcription factor, 32 (Tomoyasu et al., 1995) . Recently, it was shown that FtsH exists as a homo-oligomeric complex in the cytoplasmic membrane, and that FtsH-FtsH interaction requires the N-terminal membrane association region .
The ftsH gene of Bacillus subtilis was identified through studies of a salt-sensitive mutant (Geisler and Schumann, 1993) and its DNA sequence has been determined as part of the Bacillus genome sequencing project (Ogasawara et al., 1994) . In a recent study, we showed that ftsH is monocistronic and that the gene is transiently induced after osmotic and temperature upshift (Deuerling et al., 1995) . We described the ftsH insertion mutant, UG1, which produces a truncated protein. Since the mutant is viable under physiological conditions, we suspected that, in contrast to E. coli, the FtsH protein might be dispensable in B. subtilis under physiological conditions. To test this assumption, we tried to construct an ftsH null mutant. This mutant was obtained and displayed a pleiotropic phenotype consisting of largely filamentous growth, extreme sensitivity to heat and salt stress, an inability to sporulate, severely impaired secretion of bulk exoproteins, and failure to express the aprE gene after entering the stationary phase of growth. Many of these phenotypes can be explained by the failure of the ftsH null mutant to synthesize appropriate amounts of Spo0A protein acting either positively or negatively upon the expression of other genes.
Results

Construction of an ftsH null mutant
To create an ftsH null mutation we attempted to insert a cat-cassette near the 5Ј end of the ftsH gene. As described in the Experimental procedures, the ftsH gene was first generated by the polymerase chain reaction (PCR) followed by ligation of the cat cassette 420 bp downstream of the 5Ј end of ftsH. This plasmid construction was subsequently transformed into B. subtilis 1012 wild-type (wt), and chromosomal DNA of chloramphenicol-resistant transformants was screened by PCR for replacement of the wt ftsH by ftsH ::cat requiring a double cross-over event. Transformants with both single and double cross-over events were identified (data not shown), and a strain with a double cross-over event was kept for further studies (MP01). Western blotting confirmed the complete absence of the FtsH protein in MP01 (data not shown). Finally, Southern blotting was used to confirm that the ftsH gene was interrupted (data not shown), demonstrating that under some conditions, at least, the gene was not essential for viability. It should be mentioned here that the cat gene is expressed from its own promoter and is flanked by two potential Rho-independent terminators (Horinuchi and Weisblum, 1982) . We also constructed an ftsH ::tet derivative by recombining a tet marker into the cat gene of ftsH ::cat (strain ED04). This strain was used when cat-linked fusions had to be introduced.
Phenotypic characterization of ftsH::cat
First, we analysed the growth characteristics of MP01 in LB medium. When this strain was plated on solid medium, the colonies exhibited a morphology different from that of wt cells. While the latter displayed fuzzy edges, those of ftsH ::cat were characterized by a translucent appearance. In liquid medium both strains exhibited comparable growth characteristics during exponential phase (data not shown Fig. 1 . Morphology of the ftsH disruption mutant. Cells were grown at 37ЊC to mid-log phase in LB medium and photographed at a magnification of ×1200 under light field. A, wt strain; B, ftsH::cat mutant.
( Fig. 1A) those of the ftsH ::cat mutant exhibited a filamentous phenotype during both the vegetative and stationary phases of growth (Fig. 1B) .
The ftsH null mutant is sensitive to heat and osmotic stress Recently, we reported that the amount of FtsH protein is critical for the survival of B. subtilis after temperature or osmotic upshift (Deuerling et al., 1995) . Therefore, we investigated whether the ftsH null mutant could survive heat or osmotic stress. The B. subtilis wt strain and its isogenic derivative, MP01, were grown in Spizizen minimal medium (SMM; Spizizen, 1958) to mid-log phase at 37ЊC and then challenged either by heat shock to 50ЊC or by osmotic shock by the addition of NaCl to 1.2 M. Wt and MP01 exhibited comparable growth curves at 37ЊC. After the temperature upshift both strains stopped growing immediately ( Fig. 2A) . Whereas the wt strain resumed growth after about 2 h, MP01 did not recover for at least 10 h ( Fig. 2A) . If the two strains were treated with 1.2 M NaCl, the wt strain continued growth, albeit at a reduced ᮊ 1997 Blackwell Science Ltd, Molecular Microbiology, 23, 921-933 Fig. 2 . Growth curves (monitored at A 578 ) of B. subtilis wt and its isogenic ftsH ::cat mutant. The strains were first incubated at 37ЊC in SMM to mid-log phase and then challenged with either heat (A) or 1.2 M NaCl (B). A, wt, 37ЊC; B, wt, shift to 50ЊC (A) or addition of 1.2 M NaCl (B); ×, ftsH::cat, 37ЊC k , shift to 50ЊC (A) or addition of 1.2 M NaCl. rate, while the mutant strain MP01 stopped growing immediately after the addition of NaCl and did not resume growth for at least 9 h (Fig. 2B) . These results are in reasonable accord with those obtained previously (Deuerling et al., 1995) and revealed that an intact ftsH allele is essential for growth during heat or osmotic stress.
The ftsH gene is not a major regulator of the heatshock stimulon An FtsH-depleted strain of E. coli accumulates the highly unstable 32 factor, leading to induction of the 32 heat-shock regulon even at low temperatures (Herman et al., 1995) . We therefore asked whether the complete absence of FtsH protein would similarly influence the heat-shock response in B. subtilis where three classes of heat-shock genes are transiently induced upon heat treatment (Hecker et al., 1996) . These three classes of heatshock genes are regulated by different mechanisms (see Discussion).
To follow the expression of several heat-shock genes, transcriptional fusions between representatives of the three classes of heat-shock genes and the bgaB reporter gene encoding a heat-stable ␤-galactosidase (Hirata et al., 1985) were integrated at the amyE locus of MP01, and the activity of the reporter enzyme was measured before and 15 and 30 min after the temperature upshift. In parallel, the ␤-galactosidase activities were measured in the wt strain. In the absence of FtsH protein, the basal expression level of the heat-shock genes was not enhanced, and heat-inducibility was not impaired (Table 1) . To confirm these data, we also analysed directly the amount of DnaK and GroEL proteins by immunoblotting. The wt and ftsH::cat mutant did not exhibit significant differences in the induction of dnaK and groEL (Fig. 3) , thereby confirming our results obtained by analysing the transcriptional fusions with dnaK and groEL (Table 1) . We infer from these results that, in contrast to E. coli, ftsH does not act as a major regulator of the heat-shock response in B. subtilis.
The ftsH gene is involved in sporulation As already mentioned, strain MP01 exhibited significant lysis upon prolonged incubation in stationary phase both on plates and in liquid medium. This finding prompted us to investigate whether MP01 can sporulate. The extent of sporulation was quantified by permitting the wt strain and different ftsH insertion mutants to sporulate in liquid medium and measuring the percentages of cells that were resistant to chloroform and heat after 24 h (Table  2) . Whereas the wt strain and the two insertion mutants UG1 and ED1 (both encoding FtsH proteins truncated at their C-termini, see Table 2 ; Deuerling et al., 1995) sporulated with comparable frequencies, strain MP01 turned out to be completely deficient in sporulation (Table 2) . We infer from this result that ftsH is absolutely required for sporulation, but that the 123 C-terminal amino acid residues of the protein are dispensable.
To examine this phenomenon in more detail, we determined the stage of the sporulation programme which was impaired in the ftsH null mutant. The existence of lacZ operon fusions to genes expressed in different Spo stages permitted us to measure the relative expression of these genes easily and accurately. Two transcriptional To measure enzymatic activities, cells were lysed by sonication, and cell debris and intact cells were removed by centrifugation at 10 000 × g for 10 min. BgaB activity was determined at 55ЊC as described (Hirata et al., 1985) . a. P dnaK and P groE represent transcriptional fusions between the promoter regions of the dnaK and groE operon and bgaB (class I heat-shock operons), P ctc class II and P clpC and P lon class III. Total protein cell extracts were prepared from both strains grown at 37ЊC, or subjected to a 15 min or 30 min thermal shock at 50ЊC. Cell concentrations were equal prior to extract preparation. Each set of samples was first loaded on an SDS-PAGE gel and stained with Coomassie brilliant blue to ensure that sample concentrations were equivalent. Samples run on an SDS-PAGE gel were subjected to immunological analysis. Western blots of the same membrane were performed sequentially with antibodies directed against the B. fusions, spoIIA-lacZ and spoIID-lacZ representing stage 0 and stage II of sporulation, respectively, have been inserted at the amyE locus of ED04 (ftsH ::tet ) by transformation. Cultures carrying either of these fusions were allowed to sporulate in DS medium. At the beginning of the stationary phase, samples were removed at intervals and assayed for ␤-galactosidase activity. As can be seen from Fig. 4 , both transcriptional fusions are induced at the onset of stationary phase in the wt strain. In contrast, expression of the two spo genes is completely abolished in the ftsH mutant (Fig. 4) . We conclude from these results that ftsH is required at a very early stage of the sporulation process.
ftsH prevents expression of spo0A
Since ftsH is involved in Stage 0 of sporulation, we asked which step was controlled by ftsH. The initiation of sporulation is complex, and two transcriptional regulators, H (encoded by spo0H ) and Spo0A, play key roles in this process (for recent reviews, see Errington, 1993; Hoch, 1993a,b) . Therefore, we decided to measure expression of these two genes in the ftsH knockout. To follow expression of these two genes, chromosomal spo0H-and spo0A-lacZ fusions were separately transformed into the ftsH ::tet mutant. The level of expression of ␤-galactosidase from the single-copy fusion turned out to be comparable in both the wt and the ftsH ::tet strain for the spo0H-lacZ translational fusion during both exponential and stationary phases of growth (data not shown), suggesting that ftsH is not involved in regulation of spo0H. A completely different result was obtained for the spo0A-lacZ transcriptional fusion. Whereas in the wt strain spo0A-lacZ was expressed during exponential growth, and expression transiently increased twofold during the onset of stationary phase, only very weak (if any) expression was observed in the ftsH ::cat mutant (Fig. 5A ). We conclude from this result that ftsH interferes directly or indirectly with expression of spo0A, and that the absence of sufficient amounts of the transcriptional activator protein Spo0A is responsible for the failure to sporulate.
The phosphorylated form of Spo0A (Spo0AϳP) negatively regulates various genes, among them abrB, which in turn is an important negative regulator of various stationary-phase responses Strauch et al., 1989) hypothesis, an abrB-lacZ fusion was measured in wt 1012 and its isogenic ftsH ::tet strain. The abrB-lacZ fusion was expressed during growth, and expression decreased gradually after induction of sporulation (Fig. 5B ). In contrast, the ftsH null mutation resulted in a significant increase in the expression of abrB-lacZ ; this was followed by a slight decrease during sporulation (Fig. 5B ). This result clearly demonstrates that the absence of Spo0A results in enhanced expression of abrB-lacZ during exponential phase and a failure to turn off transcription of abrB during stationary phase.
ftsH influences secretion of exoproteins Besides sporulation, secretion of exoenzymes is a characteristic feature of B. subtilis at the onset of stationary phase. We therefore examined the influence of B. subtilis ftsH on secretion of exoproteins. First, we determined the amount of bulk exoproteins secreted during the stationary growth phase (Fig. 6 ). Whereas about 20 proteins began to be secreted into the supernatant in the wt strain shortly after entry into stationary phase, secretion of these proteins was strongly reduced in the ftsH ::cat strain. We conclude from this result that ftsH is involved in the secretion process at some unidentified step. Though unlikely, we cannot exclude the possibility that the greatly reduced amounts of exoproteins in the supernatant could also result from increased proteolysis.
To identify proteins exhibiting impaired secretion in ftsH ::cat, we specifically assayed for the secretion of two well-known exoenzymes, namely ␣-amylase and subtilisin. Again supernatants of cells from the exponential and stationary growth phases were analysed for the enzymatic activity of both exoenzymes. As can be seen from Fig. 7A , the activity of ␣-amylase started to increase after entry into stationary phase and exhibited an approximately 10-fold increase. No significant difference was revealed between the wt and the ftsH ::cat strain. The activity of subtilisin also started to increase in the wt strain when the cells entered the stationary phase of growth, and here the activity was stimulated by a factor of about 5 6 . Analysis of exoprotein secretion. The two strains ftsH þ and ftsH ::cat were grown in SMM, and aliquots were removed before (lane 1 and 2) and after entry into stationary phase (lanes 3-6). Cells were centrifuged, and 50 l of supernatant (of cultures of identical OD) was in each case loaded onto a 10% SDSpolyacrylamide gel which was silver-stained after completion of electrophoresis. Supernatants from ftsH þ and ftsH ::cat were taken at t = ¹60 min (lane 1), t = ¹30 min (lane 2), t = 0 min (entry into stationary phase; lane 3), t = 60 (lane 4), t = 120 (lane 5), and t = 180 min (lane 6). (Fig. 7B) . In contrast, the basal activity of subtilisin measured in supernatants of the ftsH ::cat strain during vegetative growth did not further increase at late stationary phase (Fig. 7B ), in agreement with the finding that AbrB acts as a negative regulator of the subtilisin encoding aprE gene (Valle and Ferrario, 1989) . These data show that whereas ftsH does not influence secretion of ␣-amylase that of subtilisin is prevented.
To find out whether production or secretion of subtilisin was impaired in the ftsH ::cat mutant, a transcriptional aprE-lacZ fusion was transformed into the ftsH ::cat mutant, and the ␤-galactosidase activity was determined. A basal level of 20 to 30 units was found for both the wt and the mutant strain during vegetative growth (Fig. 8) . This activity increased by a factor of about 6 when the wt cells entered the stationary phase of growth; this increase is in reasonable accord with the induction factor determined for the protease activity. In the ftsH ::cat mutant, 20 to 35 units of ␤-galactosidase activity were measured, but no increase was found when the culture entered stationary phase. These results suggest two conclusions. First, the aprE gene is weakly expressed during exponential growth in the ftsH null mutant, but the cells fail to secrete active subtilisin. Second, enhanced synthesis is prevented after entry into stationary phase. Both processes seem to be controlled by ftsH.
Discussion
The ftsH gene has been identified in five eubacterial species so far. In two cases, the gene has been discovered as part of genome sequencing projects, namely in Haemophilus influenzae and in Mycoplasma genitalium (Fraser et al., 1995; Fleischmann et al., 1995) . The existence of ftsH in M. genitalium suggests that this gene will be widespread in eubacteria and might belong to the group of 'housekeeping' genes. Whether this gene is essential in these two species is not known. In E. coli and in Lactobacillus lactis, ftsH is essential under all growth conditions since it was impossible to isolate a null mutant (Akiyama et al., 1994a; D. Nilsson, personal communication) . Recently, however, Qu et al. (1996) reported that a null mutation of E. coli ftsH could be introduced into a suppressor sfhC mutant, where the nature of sfhC is unknown. Surprisingly, we succeeded in isolating an ftsH knockout in the absence of any suppressor which proved to be viable under physiological growth conditions. The observation that the ftsH gene could be disrupted indicates that the gene is dispensable, for example being completely non-essential or redundant, or, alternatively, that the absence of ftsH was compensated for by suppressor mutations. Our observation that no faster-growing derivatives were found argued against the latter possibility. To corroborate this result experimentally, identical amounts of chromosomal DNA from the ftsH ::cat and lepA::cat strains (lepA is non-essential; Homuth et al., 1996) were transformed into wt strain 1012, and comparable amounts of transformants were obtained with both DNAs (data not shown).
The ftsH ::cat mutant does not thrive even under normal growth conditions. Cells tend to filament during all growth phases, indicating severe problems in cell division. Recently, it was shown that in an ftsH insertion mutant two of the major penicillin-binding proteins (PBP2A and -2B) were aberrantly synthesized and assembled in the cytoplasmic membrane, suggesting a link between FtsH and the cell cycle (S. Cutting, personal communication). After having entered stationary phase, ftsH ::cat cells tend to lyse both in liquid culture and on plates. The titre of viable cells drops by five orders of magnitude within 2 d (wt strain: two orders of magnitude), and after 7 d the titre of viable cells reached a value of less than 10 ¹9 , suggesting an important role for ftsH during prolonged growth in stationary phase. If the null mutant was challenged with heat or osmotic stress, it stopped growing immediately; suppressors could be isolated at a frequency of 10 ¹6 which allowed the cells to survive these stressful conditions. It will be interesting to identify the gene(s) affected by these suppressors.
In E. coli, FtsH downregulates the heat-shock response by promoting degradation of the transcription factor 32 (Herman et al., 1995; Tomoyasu et al., 1995) . Therefore, we asked whether FtsH would influence the heat-shock response in a similar way. Whereas in E. coli only one major class of heat-shock genes encoding cytosolic proteins has been described (constituting the 32 regulon;
for recent reviews, see Bukau, 1993; Yura et al., 1993) , three classes of heat-shock genes have been identified in B. subtilis (for a recent review, see Hecker et al., 1996) which are regulated by different mechanisms at the transcription level. Class I heat-shock genes are under negative control by the HrcA repressor, class II genes are under positive control by the alternate sigma factor, B , and class III genes are controlled by an unknown mechanism. The heat-shock genes tested here exhibited a basal level of expression and induction behaviour comparable to that of the wt strains. As class III heat-shock genes could be heterogeneous (i.e. regulated by more than one mechanism), we cannot exclude the possibility that ftsH might affect the transient induction of a class III heat-shock gene (or genes) not tested here. Analyses of protein patterns separated on two-dimensional gels from ftsH ::cat before and after thermal upshift should reveal those protein spots affected by the mutation. We conclude from these results that in B. subtilis ftsH plays an important but still unknown role in survival during heat shock, but does not constitute a major regulator of the heat-shock response. It should be mentioned that ftsH itself is a heat-shock gene belonging to class III (Deuerling et al., 1995) . In E. coli (Herman et al., 1995) and in L. lactis (Nilsson et al., 1994; Duwat et al., 1995) ftsH is a heatshock gene. In the latter species, the recA gene negatively regulates the amount of FtsH protein (Duwat et al., 1995) . We also analysed the amount of FtsH protein by immunoblotting in a recA null mutant and did not see any difference relative to the wt strain (A. Mogk, unpublished results). Therefore recA does not influence the amount of FtsH protein in B. subtilis.
The failure of the ftsH knockout to adapt to osmotic upshift can be explained by the lack of Spo0A protein. It has been published that null mutations in spo0A result in an osmosensitive phenotype, and it was proposed that spo0A is involved in osmoregulation (Ruzal and SanchezRivas, 1994) . Therefore, ftsH might act via Spo0A or via another regulatory step thereby enabling cells to adapt to high osmolarity.
In response to starvation, B. subtilis initiates a developmental programme that leads to the formation of a tough dormant cell type called an endospore. The switch from proliferative growth to differentiation is controlled by a complex series of internal and external signals (Hoch, 1993a,b) , and the sporulation process itself is divided into different stages and starts with Stage 0 (t 0 ) followed by Stage II. Our data clearly demonstrate that ftsH ::cat was unable to enter Stage 0. The initiation of sporulation is complex and two transcriptional regulators, H and Spo0A, play key roles in initiation (Errington, 1993; Hoch, 1993a,b) . Whereas expression of spo0H-lacZ was not altered, that of spo0A-lacZ was severely reduced. The spo0A gene is transcribed from two promoters, P v and P s , and promoter switching occurs during the initial phase of the sporulation response (Chibazakura et al., 1991) . During exponential growth E A transcribes the spo0A gene using the P v promoter (Chibazakura et al., 1991) , and this transcription occurs at a low level. As the cells begin to deplete the available nutrients unknown metabolic signals trigger the phosphorylation of Spo0A through the phosphorelay signal-transduction system (Burbulys et al., 1991) . The Spo0AϳP, by virtue of its increased affinity for binding to DNA, binds at the 0A box located adjacent to the P v promoter, and may also bind at the region between P v and P s (Strauch et al., 1992 also becomes phosphorylated. Phosphorylated Spo0A is an ambiactive transcriptional regulator which activates the expression of certain genes while repressing others (Strauch and Hoch, 1993 ). Our data demonstrate that FtsH protein is necessary for expression of spo0A from P v and, in its absence, expression at P s is inhibited. The absence of Spo0A and therefore also of Spo0AϳP explains the failure to enter the sporulation programme. FtsH could be involved in one or more of three processes, as follows. (i) It can influence one of the different components of the phosphorelay, thereby preventing phosphorylation of Spo0A which is essential for initiation of sporulation. This hypothesis can be tested by analysing mutations in spo0A that bypass the phosphorelay (rvtA and sof-1; Sharrock et al., 1984; Kawamura and Saito, 1983) . (ii) The spo0E locus codes for a negative regulator of sporulation which, when overproduced, represses sporulation and, if deleted, results in inappropriate timing of sporulation. The product of this locus, Spo0E, was found to be a phosphatase which specifically dephosphorylates Spo0AϳP, converting it to an inactive form (Perego and Hoch, 1991) . Here, ftsH might act as a negative regulator of the synthesis or activity of Spo0E. Analysis of a spo0E knockout should clarify this assumption. (iii) FtsH might be involved in the regulation of an unknown transcriptional activator which in turn regulates spo0A expression at P v . The activity of this putative factor can be controlled directly, e.g. by processing, or indirectly by FtsH. If this hypothesis is correct, expression of spo0A from a controllable promoter should result in sporulation. Preliminary results indicate that the spo0A-lacZ fusion is expressed at wt levels in the presence of the rvtA11 bypass mutation, pointing to the first possibility. One result remains puzzling. The spo0H gene is under the negative control of AbrB (Weir et al., 1991) . Therefore, in the absence of Spo0AϳP the amount of AbrB is increased, which in turn should result in a reduction in spo0H expression. This reduction was not observed, and the reason for the failure of AbrB to repress expression of spo0H appropriately is unknown.
Besides the effects on stress adaptation and sporulation, ftsH seems to be involved in secretion of exoproteins. Detailed analysis of two different exoenzymes revealed that secretion of ␣-amylase was not impaired in the ftsH knockout whereas no subtilisin activity could be detected in the supernatants (probably because of the low level of expression of aprE ). Expression of aprE is negatively controlled by the AbrB protein, which binds to the promoter, thus efficiently preventing transcription of the gene during vegetative growth (Strauch et al., 1989) . As the synthesis of the AbrB protein is not turned off in the ftsH null mutant, the AbrB protein in turn will continue to repress the aprElacZ fusion even after entry into stationary phase. The same argument can be put forward to explain the observation that the ftsH null mutant exhibits a very low transformation rate (demonstrating that establishment of natural competence is also severely impaired). Here, the AbrA protein acts negatively on comK, a gene essential for the development of competence Robertsen et al., 1989; Strauch et al., 1989) . In summary, all data point to ftsH as a new key element acting as a developmental checkpoint.
Experimental procedures
Bacterial strains, plasmids, media, and growth conditions
The bacterial strains and plasmids used are given in Table 3 . Bacteria were routinely grown aerobically at 37ЊC in Luria Broth (LB) and for some experiments in Spizizen minimal medium (SMM; Spizizen, 1958) or in DS medium (Schaeffer et al., 1965) . Ampicillin (200 g ml
¹1
) was included for all plasmid-bearing E. coli strains. Chloramphenicol, tetracycline, erythromycin and neomycin were added at concentrations of 5, 0.5, 5 and 10 g ml
, respectively.
Recombinant DNA techniques
Standard methods were used for DNA isolation, restriction endonuclease analyses and ligation (Sambrook et al., 1989) . Restriction enzymes, T4-DNA ligase, Klenow polymerase, and alkaline phosphatase were purchased from New England Biolabs, Stratagene, and Boehringer Mannheim, and used as recommended by the suppliers.
Inactivation of the ftsH gene
To obtain an ftsH ::cat insertion, ftsH was generated by PCR. The two oligonucleotide primers ON2 (5Ј-GGCCATGGAT-CCATGAATCGGGTCTTCCGTAATACC-3Ј) and ON3 (5Ј-GGCCATGGATCCTTACTCTTTCGTATCGTCT TTCTT-3Ј) that annealed to sequences (underlined) at the 5Ј and 3Ј end of ftsH were used to amplify (by PCR) a 2.5 kb product containing the entire ftsH gene. This amplicon was digested by BamHI and inserted into BamHI-linearized pUC18, resulting in pUC18-ftsH. Next, a cat-cassette was inserted at a unique MluI site, 420 bp downstream from the 5Ј end of ftsH. To accomplish this goal, the cat-cassette was recovered from pUC18Cm as a 1.3 kb EcoRI-BamHI fragment, blunt-ended using Klenow enzyme, and ligated to MluI-linearized and blunt-ended pUC18-ftsH. Both orientations of the cat-cassette within the ftsH gene were found, and further experiments were carried out with the insertion where transcription of ftsH and cat occurred in the same direction (pUC18-ftsH ::cat). This plasmid was used to transform B. subtilis strain 1012 with selection for chloramphenicol resistance and screening of chromosomal DNA from 12 recombinants by PCR. One strain was kept for further studies where ftsH has been replaced by ftsH::cat (strain MP01). In some experiments lacZ fusions coupled to a cat marker had to be introduced into the ftsH null background. Therefore a tet marker was recombined into the cat gene of ftsH ::cat. This was accomplished by transforming MP01 with pCm::Tc, selecting for resistance to 
Construction and analysis of bgaB fusions
Promoter regions preceding different heat-shock genes were generated by PCR and inserted into the promoter-probe vector pBgaB (Mogk et al., 1996) . This plasmid is a pBR322 derivative, and contains the promoterless bgaB gene of Bacillus stearothermophilus encoding a heat-stable ␤-galactosidase (Hirata et al., 1986 ) and a neo-cassette sandwiched between amyE-front and amyE-back. It does not replicate in B. subtilis and allows integration of any DNA sequence at the amyE locus of the B. subtilis chromosome. The following promoter regions have been first inserted into pBgaB and then recombined into the amyE locus: groE (nucleotides ¹381 to þ45; plasmid pP groE -bgaB; integrant strain AM02), dnaK (nucleotides ¹403 to þ35; pP dnaK -bgaB; AM03), ctc (nucleotides ¹166 to þ6; pP ctc -bgaB; AM04), clpC (nucleotides 164.807 to 165.034; EMBL Accession Number D26185; pP clpC -bgaB; AM05), and lon (nucleotides ¹127 to þ8; pP lon -bgaB; AM06). A BamHI site and an EcoRI site were introduced at the 5Ј and 3Ј ends, respectively. These fragments were then digested with EcoRI and BamHI and inserted into EcoRIand BamHI-cut pBgaB. The ligation mixtures were transformed into E. coli DH10B, and transformants carrying recombinant plasmids were detected on XGal indicator plates (60 g XGal ml ¹1 ), with the exception of the ctc-bgaB fusion which was not expressed in E. coli; the correct DNA sequence of the inserts was verified by DNA sequencing. Subsequently, the transcriptional fusions were recombined at the amyE ::cat locus of AM01 (ftsH þ ), selecting for neomycin-resistance and screening those for loss of the cat gene. This procedure ensures true replacement of the cat marker by the operon fusion (double cross-over event) instead of integration of the whole plasmid at amyE (single cross-over event). In parallel, all fusions were integrated into MP01 (ftsH ::cat ).
Analysis of transcriptional fusions
To monitor expression of different genes in an ftsH-minus background, transcriptional or translational fusions were introduced into MP01 (ftsH ::cat ) or ED04 (ftsH ::tet ) by chromosomal transformation and selection for the appropriate antibiotic-resistance marker tightly coupled to the fusion. The following strains were constructed using either MP01 (AM07 (groESL-bgaB ), AM08 (dnaK-bgaB ), AM09 (ctcbgaB ), AM10 (clpC-bgaB ), AM11 (lon-bgaB )) or ED04 as recipient (CR01 (spo0H-lacZ ), CR02 (abrB-lacZ), CR03 (spo0A-lacZ )). Beta-galactosidase and BgaB activities were determined as described (Nicholson and Setlow, 1990; Hirata et al., 1985) .
␣-amylase and subtilisin activity assay
To measure the activity of the exoenzymes ␣-amylase and subtilisin the cultures (wt and ftsH ::cat ) were grown in LB broth at 37ЊC. Before and after entry into stationary phase, 2 ml of each culture was removed at 1 h intervals and centrifuged for 1 min at 20 000 × g. The ␣-amylase assay was performed as described previously (O'Kane et al., 1986) . To analyse the activity of subtilisin, 1 ml of the supernatant of each sample was incubated for 30 min at 37ЊC after the addition of 1 ml of 100 mM imidazole (pH 7.2), 0.5 ml 1,10-phenanthroline (in 10 mM imidazole; added to inhibit the neutral protease activity) and 10 mg hide powder-azure (Nicholson and Setlow, 1990) . Subsequently, the samples were chilled on ice for 5 min and centrifuged for 10 min at 20 000 × g. The absorbance of the supernatant was determined at 595 nm. As a reference, a probe containing 1 ml of LB broth was treated in the same way. One unit of specific activity was defined as the amount of protease which solubilizes 1 mg of hide powder-azure in 30 min at 37ЊC. One unit at 595 nm corresponds to 4.5 protease units.
Immunological detection of FtsH, DnaK and GroEL
FtsH was detected in total cell lysates as described (Duwat et al., 1995) . Proteins were transferred to a PVDF membrane (Millipore) and incubated with anti-E. coli FtsH (at a 1:2.500 dilution). These antibodies were raised against a chemically synthesized peptide corresponding to the amino acid residues 297 to 311 of FtsH located within the highly conserved SRH region (Tomoyasu et al., 1993a) . FtsH was detected colorimetrically using NBT and X-phosphate (Boehringer Mannheim) and DnaK and GroEL using the ECL Western blotting detection kit (Amersham).
Determination of sporulation frequencies B. subtilis strains to be tested were inoculated into DS medium and incubated with shaking for 24 h at 37ЊC. Chloroform (100 l) was added to 100 l of the culture in each case and, after being vortexed, the cultures were incubated for 30 min at 80ЊC. Samples of the heated cultures as well as the untreated parental culture were diluted and plated on DS medium for viable cell counting. To generate an isogenic Spo ¹ control strain, the spoVQ::Tn917 mutation of strain KS195 was transformed into 1012, resulting in strain AS10.
